Introduction
Lipases are lipolytic enzymes originating from a wide variety of sources, such as plants, microorganisms and higher animals. The most distinctive property of lipases is their rapid hydrolysis of ester bonds at an oil-water interface, whereas activity on monomeric substrates is generally low [l] .
The first structures of lipases [2, 3] already gave insight into their general architecture and mechanism of action. A common feature of all lipases is their a/p-hydrolase fold [4] , and their active sites contain a 'classical' Ser-His-Asp (or Glu) catalytic triad together with an oxyanion hole, comprising backbone NH groups and sometimes side chain NH-and OH-groups [S] . Hence the catalytic mechanism of lipases is similar to that of serine proteases in many respects.
Organophosphonates are known to block serine hydrolases by reacting with the active-site serine, and the covalent product has been suggested to mimic the transition state of the acylation step in ester hydrolysis [6] . The X-ray structures of all phosphonate-inhibited lipases show that the phosphoryl oxygen is positioned in the oxyanion hole [7- 111, in agreement with the proposed mechanism of ester hydrolysis. However, until now no kinetic evidence for the importance of oxyanion stabilization in the inhibition reaction of lipases with phosphonates has been established.
Recently, we reported the synthesis of triacylglycerol analogues in which two ester bonds were replaced by a carbamoyl function, while the third ester bond was replaced by an O-p-nitrophenylalkyl phosphonate [ 121. These organophosphonates appeared to be good lipase inhibitors. In addition to the stereoselectivity for the glycerol backbone, cutinase was also found to be highly stereoselective at the phosphorus chiral centre of these inhibitors. The latter stereoselectivity is high when a diacylglycerol substituent is attached to the phosphorus but is considerably lower for a small methoxy substituent. Such enantioselectivity at phosphorus Abbreviation used: TDOC, taurodeoxycholate. $To whom correspondence should be addressed.
has been observed previously [9] , but the molecular basis of this stereoselectivity at phosphorus is not well understood [9, 13] .
In order to shed more light on the interactions between substrate and enzyme in ester hydrolysis and in inhibition of lipases with phosphonates, we synthesized a number of small organophosphonate inhibitors which allowed us to probe the structural elements that determine the observed stereoselectivity at phosphorus of cutinase.
Materials and methods

Chemicals
Sodium taurodeoxycholate (TDOC) and p-nitrophenylbutyrate were from Sigma. Triton X-100 was from Serva. Other chemicals were of analytical grade.
Synthesis of the phosphonates
The inhibitors were synthesized by standard procedures as described previously [12] . An overview of the phosphonates used in this study is depicted in Scheme 1. The following analytical data were obtained. 
Enzymes
Cutinase was isolated from a yeast strain overproducing this enzyme as described previously [14] . Cutinase N84D with a reported residual activity of 0.2% was produced and purified as described elsewhere [5] . Protein concentrations were determined spectrophotometrically at 280 nm usingA'% of 7.13.
Inhibition of cutinase in the presence of excess inhibitor
All inactivation experiments were carried out at 25 "C. Cutinase wild-type (1 pM) or cutinase N84D (10 pM) (in 10 mM Tris/HCl, pH 8.0, with 100 mM Triton X-100) was incubated with 100 pM inhibitor. The kinetics of the reaction was followed by monitoring the decrease in activity with time. Enzyme activity was determined spectrophotometrically on 0.25 mM p-nitrophenylbutyrate in the presence of 100 mM Triton X-100 and 10 mM Tris/HCl at pH 8.0. Activities were calculated from the increase in caused by the release of p-nitrophenol. The pseudo-first-order rate constants and half-times of inactivation were determined after fitting of the data to a single-exponential equation.
HPLC separation of phosphonate enantiomers before and after reaction with cutinase
Phosphonate (100 pg) from a concentrated stock solution in acetonitrile was solubilized in 100 mM TDOC/10 mM Tris/HCl, pH 8.0. To this solution was added 0.5 mo1.-equiv. of cutinase with respect to inhibitor. After all enzymic activity had been lost, the reaction mixture was extracted three times with diethyl ether. The combined ether layers were evaporated and the residue was dissolved in hexane/propan-2-01 (9:1, vlv).
The analytical separation of the enantiomeric phosphonates was performed on a Pharmacia HPLC system (a P-3500 pump and an LCC-500 liquid chromatography controller). The compounds were detected at 270 nm using a spectroflow 757 detector (Kratos Analytical). The chromatograph was equipped with a chiral column (Chiralcel-OD; 250 mm x 4.6 mm; Daicel Chemical Industries). The HPLC runs were carried out using an isocratic solvent system of hexanelpropan-2-01 (9 : 1, vlv) at a flow rate of 0.5 ml/min at 23 "C. Samples (20 p1) were injected containing 5-10 pg of phosphonate inhibitor dissolved in hexane/propan-2-01 (9 : 1, vlv) .
Rate of inhibition of cutinase with excess of enzyme over inhibitor
In these experiments a 5 pM inhibitor solution was incubated with 50 pM cutinase in 5 mM Tris/HCl buffer, pH 8.0, containing 90 mM Triton X-100 and 10 mM TDOC at 25 "C. The release of p-nitrophenol was followed spectrophotometrically at 400 nm (Varian-Cary-4E spectrophotometer). Each minute 30 data points were collected. From the amount of p-nitrophenol released, the remaining concentration of inhibitor was calculated. The data were fitted to a double-exponential function of the following form:
Zt/Zo = 0.5 exp( -kit) +0.5 exp( -k2t) (1) in which Zt represents the remaining inhibitor concentration, Zo is the inhibitor concentration at t = 0 and k , and kz are the pseudo-first-order rate constants of inhibition for the faster and slower reacting enantiomer respectively.
Results
Inhibition of cutinase in the presence of excess inhibitor
The rate of inhibition of cutinase by an excess of phosphonate was determined at pH 8.0. Several inhibitors were tested when dissolved in 100 mM Triton X-100. The data were fitted to a singleexponential equation and the calculated pseudofirst-order rate constants of inhibition are given in the first column of 
'1 pM cutinase was incubated with 100 pM inhibitor at 25°C in 10 mM Tris/HCI buffer, pH 8.0, containing 100 rnM Triton X-100. The decrease in enzyme activity was followed with time as described in the Materials and methods section. b5 pM inhibitor was incubated with 50 pM cutinase in 5 rnM Tris/ HCI buffer, pH 8.0 at 25 "C, containing 90 mM Triton X-I00 and 10 mM TDOC. The reaction was followed by monitoring the release of p-nitrophenol spectrophotometrically and the rate constants were calculated as described in the Materials and methods section. 'No loss in activity after I 6 h of incubation.
atom accompanying the octyl chain in compound I by a sulphur atom in compound I1 only moderately slowed down the inhibition rate by a factor of 2.8. Changing the alcohol oxygen atom in phosphonate I into an NH group (111) strongly diminished the inhibition rate. The replacement of a small methyl group by either an ethyl (IV) or a methoxy (V) group led to an approximately tenfold decrease in the inhibition rate. Finally, compound VI, in which the phosphoryl oxygen is replaced by a sulphur atom, did not inhibit cutinase at all, suggesting that oxyanion hole stabilization is an important factor in the reaction mechanism between cutinase and phosphonates. After oxidation of compound VI with nitric acid to yield V, the inhibitory power was fully restored.
T o investigate the involvement of oxyanion hole stabilization for these inhibitors in more detail, we also tested an oxyanion hole mutant of cutinase, N84D. The residual activity of the mutant enzyme in a micellar assay was determined and was found to be 0.6%. Inhibition studies with the mutant were performed with compounds I and V. Cutinase N84D was inhibited by phosphonate I with a pseudo-firstorder rate constant of 3.7 x lo-' s-' which is 0.5% relative to the native enzyme. Similar results were obtained with compound V, although the inactivation rate was even lower.
HPLC separation of phosphonate enantiomers before and ofter reaction with cutinase In order to study the enantioselectivity of cutinase at phosphorus, we used HPLC to analyse the incubation mixture after the reaction. In the upper panels of Figure 1(A) , the chromatograms are given for all racemic phosphonate inhibitors, except for compound I11 which could not be resolved on this column. The phosphonates were eluted at approx. 12 ml. Good separations of the & and S, enantiomers of I, I1 and V ( Figure 1A) were obtained. Despite the rather poor resolution of racemate IV (Figure lA) , the individual peaks of the enantiomers are still distinguishable. The elution profiles of the inhibitors after incubation with 0.5 mo1.-equiv. of cutinase are shown in the lower panels of Figure 1(A) . Owing to the inhibition reaction, p-nitrophenol is released and gives rise to the increase in the peak eluted at 16 ml. After reaction with cutinase, the intensity of the slowly eluted peaks of compounds I and I1 decreased, suggesting an enantioselective reaction between cutinase and these compounds. Qualitatively, the same preference was observed for inhibitors IV and V, but the enantioselectivity is relatively low. Because the magnitude of the enantioselectivity cannot be deduced from HPLC analysis, we decided to study the selectivity by kinetic analysis.
Rate of inhibition of cutinase with excess of enzyme over inhibitor
To study the enantioselectivity at phosphorus under pseudo-first-order conditions, the inhibitions were carried out with a 10-fold excess of enzyme over phosphonate. From the release of p-nitrophenol the remaining concentration of inhibitor was calculated. Figure 1(B) shows two examples of the curves obtained after the reaction between phosphonates I1 and V with an excess of cutinase. The ordinate represents the logarithm of the remaining amount of inhibitor as a function of time. From the data presented for compound 11, it is clear that two linear curves with different slopes can be discriminated, indicating a large difference in reaction rates for the two phosphonate enantiomers. Using compound V, such a difference in reaction rates is less clear. Therefore the data for all the inhibitors were fitted to eqn. (1) and the pseudo-first-order rate constants of inhibition for both fast and slow reacting enantiomers were calculated. In Table 1 , the rate constants k l (fast) and k2 (slow) are
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given. The enantioselectivity of cutinase at the phosphorus chiral centre of the inhibitors clearly depends on the character and size of the substituents at phosphorus as was the case for the rate of inhibition with excess inhibitor. High enantioselectivities are observed with compounds I and 11, which is in full agreement with the HPLC results as depicted in Figure 1(A) . Substitution of the alcohol oxygen in compound I by a sulphur atom in compound I1 leads to a threefold increase in the enantioselectivity. If an NH group (compound 111) is present at the position of the alcohol oxygen in compound I, the enantioselectivity is almost completely lost. Hence, very subtle changes in the character of the substituents at phosphorus have a strong influence on the enantioselectivity of the inhibition reaction.
Discussion
From earlier studies in our laboratory it became evident that cutinase exhibits maximal enantioselectivity at phosphorus towards triacylglycerol analogues up to 250-fold, whereas hardly any enantioselectivity was observed towards 0-methyl-0-(p-nitrophenyl) octylphosphonate (compound V in this study) [ 121.
In order to obtain more insight into the mechanism behind the stereoselectivity of the reaction between phosphonates and cutinase, two phenomena have to be considered: first, the interactions involving the catalytic machinery of serine hydrolases and second the mechanism of the reaction between serine hydrolases and phosphonates. An important assumption in this type of study is that the reaction between the activesite nucleophile and phosphonate occurs via in-line displacement resulting in inversion of configuration at phosphorus. It has been assumed that the inactivation of lipases with organophosphonates occurs with inversion of configuration at phosphorus [9] . However, it has been reported that a-lytic protease inhibited by pure phosphonate stereoisomers results in the formation of the same covalent adduct, suggesting that one of the isomers undergoes inversion of configuration at phosphorus, whereas the other enantiomer reacts with retention of configuration [15] . Hence more work is required to determine whether the reaction mechanism via in-line displacement is a general property of lipases. Nevertheless, we assume that both enantiomers undergo inversion of configuration at phosphorus after reaction with cutinase. In that case, the positions of p-nitrophenol and the phosphoryl oxygen are fixed because of the mechanism, and the enantioselectivity of cutinase at phosphorus is dominated by substituents R'
and Y-R (Scheme 1).
Let us now focus on the structural similarity of phosphonates in the transition state of the acylation step in ester hydrolysis. Based on the proposed mechanism of the catalytic machinery of serine proteases, a number of important interactions can be defined. A charged oxygen in the transition state is stabilized in the oxyanion hole, comprising mostly backbone NH-groups and in some cases side chain hydroxy or amide groups. In cutinase, the backbone NH-groups of Gln-121 and Ser-42 and the OH group of Ser-42 sustain the oxyanion stabilization [S, 161. Nicolas and co-workers reported that the hydroxy group of Ser-42 is positioned correctly by Asn-84 via a hydrogen bond and indeed they found a residual activity of the cutinase variant N84D of about 0.2%. Our results with the mutant enzyme N84D show that the inhibition is slowed down to the same extent as the hydrolytic rate, indicating the significance of oxyanion stabilization for the reaction with the phosphonates also. This conclusion is endorsed by the finding that replacement of the phosphoryl oxygen in compound I by a sulphur in compound VI leads to complete loss of inhibitory power. The X-ray structures of all phosphonate-inhibited lipases show that, in the tetrahedral configuration, the phosphoryl oxygen is positioned in the oxyanion hole and is stabilized by hydrogen bonds [7, 9, 10, 17] . Our results show that the phosphoryl oxygen present in the bipyramidal transition state is also stabilized in the oxyanion hole and that oxyanion stabilization plays an important role in the reaction between cutinase and phosphonates. Considering the similarity of the active-site architecture of cutinase with other lipases, this finding is probably a general phenomenon for all lipases.
Altogether two important features related to stereoselectivity of cutinase at phosphorus can be distinguished. On the one hand, the steric characteristics of the substituents at phosphorus and, on the other, specific interactions may play a role. The rate of inactivation as well as the enantioselectivity is high if a small methyl group is attached to phosphorus. In contrast, an ethyl or methoxy group gives rise to a 10-fold decrease in the inactivation rate. An explanation for this observation might involve the mechanism of the inhibition reaction. Unlike in lipase-catalysed ester hydrolysis, the intermediate formed during the inhibition of lipases by phosphonates is pentaco-ordinated, and moreover the positions of the leaving group (p-nitrophenol) and the nucleophile (yo of active-site serine) are fixed.
The phosphoryl oxygen and the other two substituents are in equatorial positions, possibly leading to steric clashes in the enzyme's active site, which is designed to accommodate the tetraco-ordinated substrate transition state rather than a pentaco-ordinated intermediate. Possibly the octyl substituent is pointing away from the active site whereas the smaller substituent is pointing towards the interior. Compounds IV and V, in which the methyl group of compound I is replaced by an ethyl and methoxy group respectively, may cause more steric hindrance in the active site than compound I, resulting in loss of inhibitory power. There are probably not only steric clashes but also more subtle interactions.
This might explain the observation that k l and k2 (Table 1) are changed independently, as shown clearly by the behaviour of compounds I, I1 and 111. Therefore one must be careful when drawing conclusions from X-ray structures of phosphonate-inhibited lipases related to the mechanism of ester hydrolysis. This might explain why Cygler and co-workers [9] , using phosphonates, and Norin and co-workers [13] There is considerable interest in the behaviour of lipases in low-water reaction media. Because typical lipase substrates are water-insoluble, reaction mixtures based on organic solvents allow studies not possible in aqueous media. Because water content can now also be made an experimental variable, there are contributions to fundamental understanding of enzyme action. These low-water media are also of biotechnological interest, now being used in several industrial lipase-catalysed processes. There are a number of recent reviews of enzymic catalysis in lowwater media [l-91.
T h e properties of all enzymes are very dependent on their environmental conditions. Often, enzyme behaviour in low-water media seems to be very different from that observed in aqueous solution. T h e precise conditions used will also have large effects. However, it is now clear that many of the changes in activity, specificity and stability of lipases are understandable and predictable. Many of the most successful Volume 25
